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The prefrontal cortex is involved in mood and emotional processing. In patients suffer-
ing from depression, the left dorsolateral prefrontal cortex (DLPFC) is hypoactive, while
activity of the right DLPFC is enhanced. Counterbalancing these pathological excitability
alterations by repetitive transcranial magnetic stimulation (rTMS) or transcranial direct cur-
rent stimulation (tDCS) improves mood in these patients. In healthy subjects, however,
rTMS of the same areas has no major effect, and the effects of tDCS are mixed.We aimed
to evaluate the effects of prefrontal tDCS on emotion and emotion-related cognitive pro-
cessing in healthy humans. In a ﬁrst study, we administered excitability-enhancing anodal,
excitability-diminishingcathodal,andplacebotDCStotheleftDLPFC,combinedwithantag-
onistic stimulation of the right frontopolar cortex, and tested acute emotional changes by
an adjective checklist. Subjective emotions were not inﬂuenced by tDCS. Emotional face
identiﬁcation, however, which was explored in a second experiment, was subtly improved
by a tDCS-driven excitability modulation of the prefrontal cortex, markedly by anodal tDCS
of the left DLPFC for positive emotional content.We conclude that tDCS of the prefrontal
cortex improves emotion processing in healthy subjects, but does not inﬂuence subjective
emotional state.
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INTRODUCTION
Theprefrontalcortextakespartintheneuronalnetworksinvolved
in mood and emotion processing. Hereby emotion can be deﬁned
asarelativelybrief,reactive,andintensiveemotionalstate,whereas
mood is a more stable, constant, and less reactive emotional state
(Ekman,1999;EllisandMoore,1999).Inhealthysubjects,theven-
tromedial, and inferior-medial prefrontal cortex are prominently
involved in self-referenced affective state (Phan et al., 2002; Steele
and Lawrie, 2004). The dorsolateral prefrontal cortex (DLPFC)
is more involved in processing of stimuli with not self-referential
emotional content, e.g., faces or visual scenes (Ueda et al., 2003;
Sergerie et al., 2005; Grimm et al., 2006). However, this distinc-
tion, which reﬂects the fact that the medial prefrontal cortex
is generally more heavily involved in emotional, and the lat-
eral prefrontal cortex in cognitive processing, is gradual (Steele
and Lawrie, 2004). Moreover, a hemispherical difference of pro-
cessing of positive and negative emotional content has been
described. Happy mood and positive emotional stimuli induce
predominant left DPLFC activity (Habel et al., 2005; Herring-
ton et al., 2005; Sergerie et al., 2005). In accordance, lesions of
the left prefrontal cortex by stroke, tumors, or epilepsy are often
accompanied by depression, while lesions of the right prefrontal
cortex are associated with elated mood (Robinson and Lipsey,
1985; Perini, 1986; Belyi, 1987). Clinical depression is associ-
ated with left DLPFC hypoactivity, while activity of the right
prefrontal cortex might be increased (Schutter and van Honk,
2005).
Consequently,ithasbeenproposedthatanactivationof theleft
DLPFC might turn mood and emotion into more positive states.
Indeed,activity-enhancingrepetitivetranscranialmagneticstimu-
lation(rTMS)improvessymptomsofdepressedpatients(Mitchell
and Loo, 2006). A similar result was found for excitability-
enhancing transcranial direct current stimulation (tDCS; Fregni
et al., 2006). Moreover, excitability-enhancing tDCS improved
performance in an affective go-non-nongo task for positive emo-
tional content in depressed subjects (Boggio et al., 2007). tDCS
induces long-lasting, stimulation polarity-dependent excitability
shifts of the human cerebral cortex via neuronal de- or hyper-
polarization and the subsequent modiﬁcation of NMDA receptor
strength (Nitsche and Paulus,2000,2001; Nitsche et al.,2003a,b).
Enhancing excitability of the left DLPFC in healthy humans
by rTMS so far failed to induce a positive shift of emotional state
(Mosimann et al., 2000; Baeken et al., 2006). However left pre-
frontal rTMS was able to modulate mood-related information
processing(SchutterandvanHonk,2006).Studiesexploringalter-
ations of emotional state by prefrontal tDCS in healthy subjects
show mixed results. Plazier et al. (in press) describe no effects
of prefrontal tDCS on subjective mood. However, the emotional
valence of unpleasant pictures was diminished via left DLPFC
anodal tDCS (Boggio et al.,2009; Maeoka et al.,2012).
In the present study, we aimed to disentangle the effect of
prefrontaltDCSonsubjectiveemotionalstateandemotionalstate-
related information processing in healthy humans. In the ﬁrst
experiment, we tested the effect of excitability-enhancing anodal
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tDCS, excitability-diminishing cathodal tDCS, or sham tDCS of
the left DLPFC (combined with antagonistic stimulation of the
right frontopolar cortex) on self-referenced emotional state via a
visual analog scale (VAS). If tDCS works similarly in healthy sub-
jects and depressed patients, anodal tDCS should shift emotional
state to more positive values. In the second experiment, we tested
the effect of the identical tDCS protocols on not self-referenced
emotional state-related information processing. DLPFC function
might be involved more in the latter kind of tasks than in actual
modulation of emotional state in healthy subjects. Moreover, the
leftDLPFCisimportantfortheprocessingofpositiveaffects.Thus
we hypothesized a positive effect of excitability-enhancing tDCS
for emotionally positive material. Since the main aim of this study
was to explore the effects of a tDCS protocol used for the treat-
mentofdepressiononemotionalstateandemotionalprocessingin
healthy individuals, we performed only left DLPFC anodal stim-
ulation, and did not explore the effects of right DLPFC anodal
tDCS, which might result in antagonistic effects.
MATERIALS AND METHODS
SUBJECTS
Fourteen healthy volunteers (ﬁve female, mean age 33.298.49
SD) participated in Experiment 1. Seventeen subjects participated
inExperiment2(eightfemale,meanage24.882.34SD).Allgave
written informed consent. The investigation was approved by the
ethics committee of the University of Goettingen, and the experi-
ments conform to the principles laid down in the Declaration of
Helsinki.
tDCS OF THE DLPFC
Current (1mA) was induced through saline-soaked sponge
electrodes (surface 35cm2), resulting in a current density of
0.0286mA/cm2. tDCS was delivered by a specially developed,
battery-drivenconstant-currentstimulator(SchneiderElectronic,
Gleichen, Germany). Current strength was ramped up in the ﬁrst
10s of tDCS and turned off the same way to avoid phosphene
perception and diminish tingling sensations. For placebo tDCS,
current ﬂow was terminated after 20s. These stimulation charac-
teristics reliably allow placebo stimulation, i.e., subjects are not
able to discriminate real from sham stimulation (Gandiga et al.,
2006). In Experiment 1, real tDCS was delivered for 20min, in
Experiment 2 for 10min. Former experiments have shown that
these stimulation durations induce cortical excitability shifts sta-
bleforatleast1haftertheendof tDCS(NitscheandPaulus,2001;
Nitsche et al., 2003a). We applied 20min stimulation in Experi-
ment 1, because this is the usual stimulation duration performed
for the treatment of depression (Fregni et al., 2006). tDCS dura-
tion in Experiment 2 was 10min, because this was the duration
of the face recognition task, during which tDCS was performed.
The left DLPFC electrode (to which the terms anodal and catho-
dal stimulation refer to) was placed at F3 (international 10–20
system) and the return electrode above the contralateral orbit in
both experiments.
QUESTIONNAIRES
For evaluation of emotional state, a questionnaire (Skala zur Ein-
schätzung der Stimmung, SES; Hampel, 1977) was used. The
SES is a VAS in German language, which contains adjectives
representing happy and sad emotional state as well as lethargy
(neutral mood condition). Fourteen adjectives per category were
included. The VAS scale ranges from 1 (absent) to 7 (maxi-
mum strength). In difference to the more widely used PANAS
(Watson and Clark, 1988), which was developed to obtain dis-
positional affect measures over the last 12months for posi-
tive and negative mood, the SES speciﬁcally measures actually
present emotion, and adds another emotional dimension, i.e.,
the neutral emotion condition. Moreover, the VAS of the SES
contains seven stages, that of the PNAS only ﬁve. We chose
the SES instead of the more widely used PANAS, because it
is explicitly validated for present emotional state. A limitation
of this choice might be the limited comparability with other
studies, in which the PANAS was applied. For assessment of
depression, subjects performed the Beck Depression Inventory
(BDI), and the Hamilton Depression rating scale (HAMD). The
BDI is a 21-item self-assessment test presented in multiple-
choice format, which measures the presence and the degree of
depression in adults (Beck et al., 1961). The HAMD is a 21-
item peer-evaluation test, which rates the presence of depres-
sive symptoms as established in a clinical interview (Hamilton,
1960).
EMOTIONAL FACE RECOGNITION TASK
In this task,two emotional expressions of a human face are simul-
taneouslypresentedonacomputermonitor,onejoy,oranger,and
the other neutral.
Subjects were instructed to identify as fast as possible the posi-
tion of the emotionally positive or negative facial expression and
to press the appropriate button on a keyboard.
All stimuli used in the study were part of Ekman’s series of pic-
tures of facial affect (Ekman and Friesen, 1975, 1976). They were
presented by a DOS-based software for creating, conducting, and
analyzing reaction time tasks (Experimental Run Time System©,
BeriSoft Cooperation) on a IBM-compatible computer connected
with a 2100 monitor.
Every trial consisted of the simultaneous presentation of two
pictures on the left and right side of the screen for 50ms. The two
pictures showed the same person, on one side with an emotional
expression (positive, i.e., joy, or negative, i.e., anger) as the target
stimulus, on the other side with a neutral facial expression. The
two pictures were followed by two question marks presented in
place of the facial affect stimuli. Subjects were instructed to judge
on which side of the screen the face with an emotional expression
had been shown by pressing the left or right button on the key-
board. A red colored cross was shown for 1000ms to mark the
beginningof atrialandtomakethesubjectﬁxatethecenterof the
screen. Figure 1 shows an example of the trial structure.
Twelvedifferenttrialconditionsemergedfromrandomlyvary-
ing the position of the target stimulus (left; right), the emotional
value of the target stimulus (positive; negative), and the identity
of the person on the pictures (female; male no. 1; male no. 2).
Each trial condition was shown for four times within a session.
Each session consisted of 50 trials, with two randomly chosen
warm-uptrialsnotbeingincludedinthestatisticalanalysisand48
permutated experimental trials.
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FIGURE 1 | Experimental procedure for the emotional face
identiﬁcation task. Example of the trial with male no. 2, and the target
stimulus showing the negative facial expression presented on the left side
of the screen. In each trial, emotionally neutral and negative/positive facial
expression were displayed simultaneously on the computer monitor.To
avoid the development of perceptual strategies, subjects were instructed
to focus on a dot placed in the middle of the screen during the whole
course of the experiment. Subjects were instructed to press the
appropriate button on a keyboard as fast as possible once the visual stimuli
were displayed.
EXPERIMENTAL PROCEDURES
Experiment 1
To exclude a state of clinical depression in our healthy sub-
jects, HAMD and BDI were performed before the start of each
experimental session.
Afterward,subjectsevaluatedemotionalstatebeforeandrepet-
itively after anodal, cathodal, or placebo tDCS. The order of
application of the tDCS session was randomized. A complete
crossover design was performed. Between each tDCS session, a
break of at least 1week was obligatory to avoid interference effects
of stimulation.
Subjects were seated in front of a table, and the posi-
tion of F3 was identiﬁed according to the international 10–
20 system. Afterward, the SES was handed out. Subjects were
speciﬁcally instructed to evaluate their actual emotional state.
After baseline measures, the tDCS electrodes were ﬁxed onto
the head and tDCS was performed for 20min with 1mA
current strength. Immediately after the end of tDCS subjects
performed the SES again. SES-based evaluation of emotional
state was repeated every 15min for up to 1h after the end
of tDCS and each hour after tDCS for the next 5h. A last
emotional state evaluation was performed the morning after
stimulation.
Experiment 2
In this experiment, subjects had to identify the position of the
“emotional”facialexpressiononacomputerscreenasfastaspossi-
blebeforeandrepetitivelyafteranodal,cathodal,orplacebotDCS.
The order of application of the tDCS sessions was randomized. A
completecrossoverdesignwasperformed.BetweeneachtDCSses-
sion,a break of 1week was obligatory to avoid interference effects
of stimulation.
Subjects were seated in front of the screen (eye-screen distance
about 75cm,visual angle approximately 60˚ in width and height),
the position of the tDCS electrodes was identiﬁed and the elec-
trodes ﬁxed onto the head. They were instructed that they should
identify the position of the emotionally not neutral face out of
two simultaneously displayed faces on the computer screen as fast
as possible while ﬁxating a dot positioned in the middle of the
screen and press the appropriate button on the keyboard as fast as
possible. Afterward,all faces were presented once and a short trial
run was performed to ensure that the subjects had understood
the task. Before tDCS, one baseline session was performed. Then
tDCS was started and continued for 10min. During tDCS, two
facerecognitionsessionswereperformed,one2minafterthestart
of tDCS, the other after 6min. The remaining face recognition
sessions were performed immediately after the end, and 5, 10, 20,
30, and 60min after the end of tDCS.
CALCULATIONS AND STATISTICS
Experiment 1
For the SES, the sum of the VAS values for each emotional condi-
tion (neutral, positive, negative) was calculated intraindividually
for each time point/tDCS condition combination. To rule out a
systematic inﬂuence of subtle baseline differences on the results,
the post-tDCS values were standardized by calculating the quo-
tient of post-tDCS values vs baseline measures. Repeated measure
ANOVAs were calculated for the absolute and standardized values
(repeatedmeasurefactorstDCS,emotion,timecourse,dependent
variable VAS score). In case of signiﬁcant results in the ANOVA,
post hoc Student’s t-tests (repeated measures, two-tailed) were
calculated to identify signiﬁcant mood differences for each time
pointvsbaselineforeachtDCScondition,anddifferencesbetween
tDCS conditions (anodal/cathodal vs sham stimulation) for each
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time point. Critical level of signiﬁcance was set to 0.05 for all
calculations. The post hoc tests were not corrected for multiple
comparisons.
Experiment 2
Individual means of reaction times were calculated for positive
and negative affective face recognition for each tDCS condition
and time point separately. Only correct trials were included in the
calculations. To exclude a systematic inﬂuence of subtle baseline
differences on the results,the post-tDCS values were standardized
by calculating the quotient of during- and post-tDCS values vs
baseline measures. Data were pooled for the two measures during
tDCS,measuresimmediatelyand5minaftertDCS,10and20min
after tDCS and 30 and 60min after tDCS. Repeated measure
ANOVAs were calculated for the standardized values (repeated
measure factors tDCS, emotion, time course, dependent variable
reactiontime).IncaseofsigniﬁcantresultsoftheANOVA,posthoc
Student’s t-tests (repeated measures, two-tailed) were added to
identify signiﬁcant mood differences for each time point depen-
dent on tDCS condition, and to compare baseline performance.
Thecriticalp-valuewassetto0.05forallcalculations.Theposthoc
tests were not corrected for multiple comparisons.
The same calculations were performed for the count of correct
answers.
RESULTS
EXPERIMENT 1
For the healthy subjects, the mean BDI values were between 0.79
and 1.5 and the range of the mean HAMD values was 0.93–1.07
for all stimulation conditions. These were identical between the
respective tDCS conditions according to the results of the t-tests
(p >0.05).
Skala zur Einschätzung der Stimmung
Forthehealthysubjects,theANOVA(absolutevalues)revealedsig-
niﬁcanteffectsofemotionandtheinteractionof tDCStime,but
the interactions tDCSemotion and timetDCSemotion,
which would have revealed an impact of tDCS on emotional
state, were not signiﬁcant. For the standardized values, how-
ever, additionally the main effect for time and the interactions
timeemotion, timetDCS, and timeemotiontDCS were
signiﬁcant (Table 1). Comparing effects of anodal and cathodal
tDCS with placebo stimulation for each time point after tDCS
separately however did not reveal signiﬁcant effects of tDCS on
neutral, positive, or negative emotional state. As can be seen
from Figure 2, in all stimulation conditions the healthy subjects
rated neutral and negative mood items near the minimum, while
positive adjectives were rated generally on a much higher level
throughout the experiment.
Baseline values of each emotional quality did not differ
signiﬁcantly between tDCS sessions.
EXPERIMENT 2
Reaction times
TheANOVArevealedasigniﬁcantmaineffectoftime(Table1).An
additional trend for an effect of tDCS on performance was identi-
ﬁed. As depicted in Figure 3, reaction times diminished through-
out the course of the experiment in all tDCS and facial expression
Table 1 | Results of theANOVAs conducted for the SES and emotional
face identiﬁcation task.
Variables d.f. d.f.error F-value p !2
EXPERIMENT 1
SES, absolute values
tDCS 2 26 2.148 0.137 0.142
Emotion 2 26 218.943 <0.001* 0.944
Time 11 143 0.924 0.519 0.066
tDCSemotion 2 52 0.953 0.441 0.068
tDCStime 22 286 1.862 0.012* 0.125
Emotiontime 22 286 1.305 0.166 0.091
tDCSemotiontime 44 572 1.277 0.114 0.089
SES, standardized values
tDCS 2 26 2.431 0.108 0.158
Emotion 2 26 23.358 <0.001* 0.642
Time 11 143 80.405 <0.001* 0.861
tDCSemotion 2 52 0.732 0.574 0.053
tDCStime 22 286 2.017 0.005* 0.134
Emotiontime 22 286 68.022 <0.001* 0.840
tDCSemotiontime 44 572 1.520 0.019* 0.105
EXPERIMENT 2
Standardized reaction times
tDCS 2 40 2.964 0.063 0.129
Emotion 1 20 1.527 0.231 0.071
Time 4 80 18.713 <0.001* 0.483
tDCSemotion 2 40 1.780 0.182 0.082
tDCStime 8 160 1.444 0.182 0.067
Emotiontime 4 80 2.205 0.076 0.099
tDCSemotiontime 8 160 1.159 0.327 0.055
Standardized correct answers
tDCS 2 40 2.244 0.119 0.256
Emotion 1 20 1.884 0.185 0.086
Time 4 80 14.991 <0.001* 0.754
tDCSemotion 2 40 0.542 0.586 0.053
tDCStime 8 160 0.945 0.481 0.329
Emotiontime 4 80 2.237 0.072 0.287
tDCSemotiontime 8 160 0.325 0.955 0.135
For the SES, ANOVAs were calculated for absolute and standardized values. For
the emotional face identiﬁcation task, ANOVAs were calculated for standardized
reaction times and number of correct answers. The asterisks mark signiﬁcant
main effects and interactions. d.f., degrees of freedom; F, F-value; p, probability;
!
2, effect size.
conditions.We conducted exploratory,subjected to conﬁrmation,
posthoc t-testsdespiteonlytrendwiseeffectsof tDCSortheinter-
actions including tDCS in the ANOVA. These revealed signiﬁcant
shortenings of reaction time relative to baseline during and after
anodal tDCS for positive and negative emotional expressions. For
cathodaltDCS,thedirectionoftheimprovementsofreactiontime
were similar, but somewhat smaller as compared to anodal tDCS
for positive emotional expressions. Conversely, under placebo
stimulationthereactiontimeimprovementsoccurredlaterduring
thecourseof theexperimentandweresigniﬁcant–ascomparedto
baseline–onlyforthelastmeasures.Theposthoc testsadditionally
revealed signiﬁcant reaction time differences for anodal tDCS vs
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FIGURE 2 | Emotional state is not affected by tDCS in healthy subjects.
Depicted are the absolute mean values before and up to the morning after
anodal, cathodal, or sham tDCS over the left DLPFC for neutral (lethargic),
negative, and positive emotional state, as measured by the adjective
checklist SES. As can be seen from the results, the evaluation is quite
stable in all stimulation conditions throughout the course of the experiment.
The vertical bars indicate standard error of mean. nm, next morning.
placebo stimulation. Anodal tDCS reduced reaction time signiﬁ-
cantlyduringtDCSrelativetoplacebostimulationforemotionally
negative faces. For emotionally positive facial expressions, this
effect emerged during tDCS, and remained signiﬁcant for up to
10min after tDCS. Reaction times under cathodal tDCS did differ
signiﬁcantlyrelativetoplacebostimulationonlyfornegativefacial
expressions during the second measures after tDCS.
Baseline performance was identical for all tDCS conditions in
relation to one facial expression.
FIGURE 3 | Emotional face identiﬁcation is modiﬁed by tDCS: reaction
times. Baseline-standardized reaction times for the identiﬁcation of the
position of negative (A) or positive (B) emotional facial expressions shown
on a computer screen are depicted during (d) and after (p1–3;
p1Dimmediately and 5min after tDCS, p2D10 and 20min after tDCS,
p3D30 and 60min after tDCS), anodal, cathodal, and placebo tDCS.
Reaction times become faster during the course of the experiment, thus
indicating learning of the task in all stimulation and emotional conditions.
Under both real stimulation conditions and for both facial expressions,
reaction time reductions become earlier signiﬁcant than under placebo
stimulation. Under anodal tDCS, positive emotional facial expressions are
faster identiﬁed as compared to placebo stimulation during and after tDCS.
For emotionally negative facial expressions, anodal tDCS improves
perception only during tDCS as compared to placebo stimulation. A minor
effect can be seen for cathodal tDCS, as compared to placebo stimulation
(p2 only). Filled symbols indicate signiﬁcant reaction time differences as
compared to baseline values, asterisks signiﬁcant differences between
anodal tDCS and placebo tDCS, and hash symbols signiﬁcant differences
between cathodal and placebo tDCS for a given time point (paired,
two-tailed t-tests, p <0.05). Vertical bars indicate standard error of mean.
Correct answers
The ANOVA revealed a signiﬁcant main effect of time (Table 1).
AscanbeseeninFigure4,thisiscausedbyanincreasednumberof
correctanswersrelativetobaselineinthelaterblocksofthetaskfor
all stimulation and facial expression conditions. For the placebo
and anodal stimulation condition,but not for cathodal tDCS,this
effect is signiﬁcant during the whole time course of the experi-
ment for the recognition of negative emotional facial expressions.
For positive facial expressions, anodal tDCS caused a signiﬁcant
improvement as compared to baseline in the last two measures,
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FIGURE 4 | Emotional face identiﬁcation: number of correct trials.
Baseline-standardized mean number of correct trials are depicted during,
and after anodal, cathodal, and placebo tDCS (p1–3; p1Dimmediately and
5min after tDCS, p2D10 and 20min after tDCS, p3D30 and 60min after
tDCS).The number of correct trials increases during the course of the
experiment, thus indicating learning of the task in all stimulation and
emotional conditions.This effect is signiﬁcant for negative facial
expressions under anodal and placebo tDCS conditions for the whole
course of the experiment, but not for cathodal tDCS. For positive facial
expressions, anodal tDCS caused a signiﬁcant improvement as compared
to baseline in the last two measures, and placebo tDCS in the last
measure. Again under cathodal tDCS facial recognition did not improve
signiﬁcantly. Filled symbols indicate signiﬁcant reaction time differences as
compared to baseline values (paired, two-tailed t-tests, p <0.05). Vertical
bars indicate standard error of mean. a, anodal tDCS; c, cathodal tDCS; p,
placebo tDCS; pos, positive emotional facial expression; neg, negative
emotional facial expression.
and placebo tDCS in the last measure. Baseline values did not
differ signiﬁcantly between the respective stimulation conditions.
DISCUSSION
Theresultsof thisstudysuggestthattDCSof theprefrontalcortex
has an impact on emotional state-related information processing
in healthy subjects. tDCS of the left DLPFC improved emotional
facerecognition,mostmarkedlyforemotionallypositivefaces,and
anodaltDCS.Thiseffect,however,seemstobenotaccompaniedby
modiﬁcationsofsubjectiveemotionalstate,whichwasnotaffected
by tDCS in Experiment 1. Therefore, the results are in favor for
a dissociation of the impact of tDCS on self-referenced emo-
tional state and state-related information processing in healthy
subjects.
MISSING EFFECT OF PREFRONTAL tDCS ON EMOTIONAL STATE IN
HEALTHY SUBJECTS
Anodal and cathodal tDCS of the left DLPFC, combined with
antagonistic stimulation of the right supraorbital area, did not
modulate emotional state, as rated by an adjective checklist. Posi-
tive, negative, and neutral ratings were identical in all conditions.
Since negative and neutral – the latter representing lethargy –
emotional state values were near the minimum throughout the
experiment independent from stimulation condition, while posi-
tive mood was more in a medium range, one could suspect that
social expectancy contributed to these results. However, the SES
has been shown to be a reliable and valid instrument to mea-
sure emotional state in other studies (Scholz, 2001). This pattern
of results is comparable to the effects of left DLPFC rTMS, and
another tDCS study (Plazier et al., in press). It might be caused
by a kind of ceiling effect preventing a further increase of posi-
tive emotional state and a ﬂoor effect for negative and lethargic
emotional state in healthy subjects with normal activation of the
DLPFC.
tDCS MODULATES EMOTION-RELATED INFORMATION PROCESSING
In general, the effects of tDCS on emotional face identiﬁcation
were relatively low, the results of the respective ANOVAs showed
only a trendwise effect of tDCS. We nevertheless conducted
exploratoryposthoc teststoidentifyalsoslighttDCS-relatedalter-
ations. These, however, should be conﬁrmed in larger studies in
future.
During the course of the experiment subjects were able to
identifythepositionoftheemotionalnon-neutralfacefaster,inde-
pendent of stimulation condition,or mood quality,i.e.,a learning
process took place. This performance improvement tended to be
larger for the real tDCS conditions. In principle this could be
caused by an unspeciﬁc arousal effect of real tDCS as compared to
placebo stimulation. However it was shown recently that placebo
stimulation,as performed in our study,cannot be discerned from
real stimulation by the subjects (Gandiga et al., 2006). Further-
more, former studies showed a highly stimulation polarity- and
electrode position-dependent effect of tDCS. Moreover,tDCS did
not induce arousal in our subjects, as shown by the results of
the adjective checklist for the items representing lethargy. Thus
unspeciﬁc arousal as the result of stimulation seems not a likely
explanation. A tDCS-dependent alteration of attention can how-
ever not be excluded completely, since tDCS, although of other
areas, has been shown to affect attentional processes (Bolognini
et al., 2010).
The reaction time results, according to the results of the
exploratory post hoc tests, moreover hint to a speciﬁc beneﬁcial
effect of anodal tDCS on recognition of positive and negative
emotional facial expressions as compared to baseline values. This
result, which is most probably due to improved information pro-
cessingbyexcitability-enhancinganodaltDCSof theDLPFC,isin
accordance with former studies. Here an involvement of the left
DLPFC in the processing of affective material, especially emo-
tionally valenced faces was described (Herrington et al., 2005;
Sergerie et al., 2005; Grimm et al., 2006). For this, the impact
of the DLPFC on the evaluation of accumulated information
and response selection might be of importance (Badre and Wag-
ner,2004). Furthermore,as compared to placebo stimulation,the
improvement of performance tended to be larger for the emo-
tional positive facial expressions than for the negative ones. This
resultisinaccordancewiththefMRIstudyofSergerieetal.(2005),
where left DLPFC activation was enhanced by emotionally posi-
tive and negative faces,but to a larger degree by the positive faces.
Thus the results of our study are compatible with the ﬁnding
that the left DLPFC is involved in the processing of emotional
valenced faces in general, but with an additional emphasis on
positive emotions.
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For reaction time, also under cathodal tDCS the results of
the exploratory post hoc tests show a – somewhat weaker –
effect for improved performance relative to placebo stimulation.
This might be caused by a slight improvement of informa-
tion processing induced by general network excitability reduc-
tion, which has a focusing effect on perception, as demon-
strated in former studies (Antal et al., 2004). Alternatively, since
due to the electrode arrangement left DLPFC stimulation was
inevitably associated with right prefrontal tDCS, and the right
prefrontal cortex is also involved in affective information pro-
cessing (Herrington et al., 2005; Kensinger and Schacter, 2006),
the accompanying anodal right prefrontal tDCS might have
contributed.
With regard to the number of correct identiﬁcations of the
emotionalfacialexpression,anincreasetakesplacethroughoutthe
course of the experiment, which is signiﬁcant relative to baseline
forthelatestmeasuresunderanodalandplacebotDCSforpositive
and negative emotional expressions, as shown by the exploratory
post hoc tests. Negative facial expressions were signiﬁcantly bet-
ter recognized, as compared to baseline, also in earlier blocks
for anodal and placebo stimulation. However, under cathodal
tDCS the amount of correctly identiﬁed faces did not signiﬁcantly
improveforbothemotionalqualitiesrelativetobaseline.Thispat-
tern of results is in favor for a relative decrease of the ability of the
subjects to identify emotional facial expressions under a cortical
excitability diminution, as delivered by cathodal tDCS. While at
ﬁrst sight this result seems to contradict the reaction time results
under cathodal tDCS,it might be explained as follows: the overall
excitability reduction will impair the ability to correctly identify a
facial expression, but, once identiﬁed, enhance reaction time via
focusing cortical activity.
GENERAL REMARKS
Taken together, the results of the experiments are compatible
with a dissociation of the effects of left DLPFC stimulation on
self-referenced emotional state and emotion-related information
processing. Whereas in the healthy subjects emotional state was
not modulated,the identiﬁcation of facial expression of emotions
was improved by tDCS. This assumed dissociation is in line with
the current state of research, since it has been shown that for the
prefrontal cortex, the medial inferior prefrontal cortex is mainly
involved in self-referenced emotion, while cognitive functions are
localized predominantly in the DLPFC (Steele and Lawrie, 2004).
However, since it has also been shown that both areas are func-
tionally overlapping, it makes sense that the DLPFC might be
involved in cognitive processing of emotional material. A limi-
tation of Experiment 2 is that emotional state has not been tested
inthisexperiment.Thusitcannotberuledoutcompletelythatthe
emotional state of the subjects differed systematically between the
respective experimental sessions, and that such differences have
affected the results of this experiment.
With regard to the facial recognition task, the results of our
study are furthermore in favor for a larger involvement of the left
DLPFC in the identiﬁcation of affective positive than of affective
negative faces. This is in line with the notion that the left hemi-
sphere is more involved in positive than in negative emotions. It
is proposed that left hemispheric brain tumors and epilepsies are
associated with depression, while tumors of the right hemisphere
causeeuphoricmood(Perini,1986;Belyi,1987).Moreover,happy
mood and presentation of emotionally positive stimuli produce
stronger activation of the left prefrontal cortex in healthy subjects
(Habel et al., 2005; Herrington et al., 2005; Sergerie et al., 2005).
Facial recognition, however, was also improved – but to a smaller
degree – for emotionally negative faces by tDCS. This effect might
be caused by an additional involvement of the DLPFC in facial
recognition,whichisindependentfromaspeciﬁcemotionalqual-
ity (Kilts et al., 2003; Sergerie et al., 2005; Pavuluri et al., 2006;
Schutter and van Honk, 2006).
Thefailureof excitability-enhancingtDCSof theleftDLPFCto
inducepositivemoodinhealthysubjectsissurprisingatﬁrstsight,
because this stimulation protocol improved mood in a group of
depressedsubjectsrelevantlyinaformerstudy(Fregnietal.,2006).
Itishoweverinaccordancewiththeresultsof arecentlypublished
study of another group (Plazier et al., in press). Moreover, also
rTMS protocols that were effective to improve mood in depres-
sion failed to have the same effect in healthy subjects (Mosimann
et al., 2000; Baeken et al., 2006).
The present study delivers indirect hints for a dissociation of
emotion-related information processing and self-referenced emo-
tional state. The results are in favor for the hypothesis that the
DLPFC might be more involved in the cognitive aspects of emo-
tional processing. To inﬂuence emotional state more directly by
external stimulation techniques, it might be promising to study
other prefrontal areas, such as the inferior-medial prefrontal cor-
tex, which seem to be critically involved in the production of
emotions (Steele and Lawrie, 2004) in future studies.
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APPENDIX
TableA1 | Here the results of the post hoc Student’s t-tests conducted on standardized reaction times and error rate of Experiment 2 are shown.
Mean value Conﬁdence intervals – lower bound Conﬁdence intervals – upper bound t-Value P
STANDARDIZED REACTIONTIMES
vs BL
d a pos 0.14 0.09 0.2 5.25 <0.001
p1 a pos 0.16 0.11 0.2 7 .21 <0.001
p2 a pos 0.18 0.11 0.25 5.42 <0.001
p3 a pos 0.19 0.11 0.26 5.34 <0.001
da neg 0.14 0.10 0.19 6.25 <0.001
p1 a neg 0.15 0.10 0.20 6.02 <0.001
p2 a neg 0.17 0.11 0.23 5.91 <0.001
p3 a neg 0.14 0.07 0.21 4.03 0.001
d c pos 0.11 0.04 0.17 3.39 0.03
p1 c pos 0.09 0.01 0.19 1.84 0.081
p2 c pos 0.13 0.07 0.20 4.50 <0.001
p3 c pos 0.15 0.07 0.22 4.24 <0.001
dc neg 0.13 0.08 0.19 4.87 <0.001
p1 c neg 0.16 0.08 0.24 4.05 <0.001
p2 c neg 0.20 0.12 0.27 5.64 0.001
p3 c neg 0.19 0.11 0.26 5.48 <0.001
ds pos 0.03 0.04 0.10 0.91 0.37
p1 s pos 0.03 0.08 0.13 0.52 0.61
p2 s pos 0.07 0.04 0.19 1.35 0.19
p3 s pos 0.13 0.04 0.22 2.95 0.008
d s neg 0.06 0.01 0.13 1.91 0.071
p1 s neg 0.09 0.01 0.17 2.07 0.051
p2 s neg 0.09 0.01 0.20 1.81 0.085
p3 s neg 0.12 0.04 0.20 3.04 0.007
vs sham
d a pos 0.11 0.21 0.02 2.51 0.021
p1 a pos 0.11 0.25 0.02 1.86 0.077
p2 a pos 0.11 0.22 0.01 2.01 0.059
p3 a pos 0.06 0.16 0.04 1.18 0.251
d a neg 0.08 0.15 0.01 2.39 0.027
p1 a neg 0.06 0.15 0.03 1.36 0.189
p2 a neg 0.08 0.17 0.02 1.68 0.109
p3 a neg 0.02 0.10 0.07 0.38 0.708
d c pos 0.08 0.18 0.03 1.50 0.150
p1 c pos 0.06 0.20 0.07 1.00 0.329
p2 c pos 0.06 0.17 0.06 1.07 0.299
p3 c pos 0.01 0.10 0.06 0.49 0.628
d c neg 0.07 0.17 0.02 1.57 0.132
p1 c neg 0.07 0.17 0.03 1.47 0.157
p2 c neg 0.1 0.20 0.01 2.14 0.045
p3 c neg 0.07 0.14 0.01 1.71 0.104
STANDARDIZED ERRORS
vs BL
d a pos 0.05 0.13 0.04 1.18 0.253
p1 a pos 0.05 0.13 0.04 1.16 0.260
p2 a pos 0.08 0.15 0.01 2.13 0.045
p3 a pos 0.12 0.20 0.03 3.00 0.008
(Continued)
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TableA1 | Continued
Mean value Conﬁdence intervals – lower bound Conﬁdence intervals – upper bound t-Value P
d a neg 0.11 0.17 0.05 4.13 0.001
p1 a neg 0.14 0.22 0.07 4.11 0.001
p2 a neg 0.17 0.27 0.08 3.82 0.001
p3 a neg 0.14 0.26 0.04 2.80 0.011
d c pos 0.01 0.10 0.08 0.17 0.867
p1 c pos 0.02 0.10 0.06 0.54 0.595
p2 c pos 0.05 0.15 0.05 1.07 0.297
p3 c pos 0.09 0.19 0.01 2.04 0.054
d c neg 0.01 0.06 0.05 0.33 0.747
p1 c neg 0.06 0.13 0.02 1.63 0.119
p2 c neg 0.06 0.14 0.02 1.56 0.135
p3 c neg 0.06 0.12 0.01 1.89 0.006
d s pos 0.04 0.13 0.05 0.93 0.362
p1 s pos 0.06 0.17 0.05 1.12 0.276
p2 s pos 0.09 0.21 0.03 1.56 0.135
p3 s pos 0.12 0.20 0.04 3.07 0.006
d s neg 0.12 0.20 0.03 2.79 0.011
p1 s neg 0.13 0.22 0.03 2.80 0.011
p2 s neg 0.18 0.30 0.06 3.05 0.006
p3 s neg 0.14 0.24 0.04 3.00 0.008
vs sham
d a pos 0.01 0.14 0.15 0.11 0.910
p1 a pos 0.01 0.12 0.10 0.22 0.830
p2 a pos 0.01 0.13 0.11 0.23 0.823
p3 a pos 0.01 0.09 0.08 0.09 0.926
d a neg 0.01 0.11 0.10 0.09 0.926
p1 a neg 0.01 0.11 0.14 0.23 0.823
p2 a neg 0.01 0.14 0.14 0.05 0.964
p3 a neg 0.01 0.14 0.15 0.08 0.936
d c pos 0.03 0.14 0.08 0.59 0.559
p1 c pos 0.04 0.15 0.08 0.69 0.498
p2 c pos 0.04 0.18 0.10 0.51 0.617
p3 c pos 0.03 0.15 0.09 0.52 0.607
d c neg 0.11 0.21 0.01 2.072 0.051
p1 c neg 0.07 0.19 0.08 1.28 0.215
p2 c neg 0.12 0.26 0.03 1.66 0.112
p3 c neg 0.08 0.19 0.03 1.54 0.140
d, During tDCS; p1, ﬁrst measure post-tDCS; p2, second measure post-tDCS; p3, third measure post-tDCS; a, anodal tDCS; c, cathodal tDCS; s, sham tDCS.
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